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A comparative assessment of regional coronary flow reo
serve, quantitative percent diameter coronary stenosis
and exercise-induced perfusion and wall motion abnor-
malities was performed in 39 patients with coronary
artery disease. Coronary flow reserve was determined
by a digital angiographic technique utilizing contrast
medium as the hyperemic agent. Percent diameter ste-
nosis was calculated by an automated quantification pro-
gram applied to orthogonal cineangiograms. Thallium-
201 scintigraphy and radionuclide ventriculography were
used to assess regional perfusion and wall motion ab-
normalities, respectively, at rest and during exercise.
In Group A, 19 patients without transmural infarc-
tion or collateral vessels, coronary flow reserve was in-
versely related to percent diameter stenosis (r = - 0.61,
P < 0.0001), and scintigraphic abnormalities occurred
only in vascular distributions with a coronary flow re-
serve of less than 2.00. There was a strong relation among
abnormal regional exercise results, stenoses greater than
50% and reactive hyperemia of less than 2.00. Patients
with multivessel disease, however, often had normal ex-
ercise scintigrams in regions associated with greater than
50% stenosis and low coronary flow reserve when other
regions had a lower coronary flow reserve or higher
grade stenosis, or both.
In Group H, 20 patients with angiographically visible
collateral vessels, 12 of whom had prior myocardial in-
farction, coronary flow reserve correlated less well with
percent diameter stenosis than in Group A (r = - 0.47,
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p < 0.004). As in Group A patients, there was a signif·
icant relation between abnormal exercise test results and
stenoses greater than 50%. However, reactive hyper-
emia values were generally lower than in Group A, and
positive exercise stress results were strongly correlated
only with highly impaired flow reserves of 1.3 or less.
In Group H patients, the coronary flow reserve of vessels
with less than 50% stenosis was significantly lower than
that of similar vessels in Group A patients (2.40 ± 0.79
versus 1.56 ± 0.43; P < 0.0002).
It is concluded that: 1) there is a general relation
between quantitative percent diameter stenosis and re-
active hyperemia that is not of sufficient precision to
allow accurate prediction of coronary flow reserve in
individual cases; 2) exercise scintigraphic abnormalities
are usually associated with low coronary flow reserve,
and the relation between these two functional tests is
stronger than the relation between exercise test results
and quantitative percent diameter stenosis; 3) exercise
scintigraphy underestimates the number of regions sup-
plied by arteries with physiologically significant stenosis
in patients with multivessel disease; and 4) in the pres-
ence of collateral vessels, profound alterations in coro-
nary flow dynamics occur that preclude the use of coro-
nary flow reserve as a reliable indicator of the functional
significance of stenoses except when flow reserve is se-
verely impaired.
(J Am Coli CardioI1986;8:1022-32)
The capacit y to increase myocardial blood flow over basal
levels in response to a vasodilatory stimulus is termed coro-
nary flow reserve. This important physiologic variable has
been used extensivel y in animal preparations to assess the
coronary circulation (1,2). Because methods of measuring
coronary blood flow in humans are difficult (3), character-
ization of human coronary blood flow by coronary flow
reserve has remained limited . Nevertheless, recent studies
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in humans have demonstrated that coronary flow reserve is
reduced in patients with myocardial hypertrophy due to either
aortic valve disease (4,5) or systemic hypertension (6,7) ,
as well as in patients with syndrome X (8) and in response
to cigarette smoking (9). In addition , White et al. (10)
showed that the severity of a coronary stenosis, as assessed
visually from conventional arteriograms, has a highly vari-
able relation to the physiologic significance of the stenosis
as assessed by coronary flow reserve .
Clinical and experimental studies (11-16) have shown
that segmental myocardial dysfunction and thallium-201
scintigraphic abnormalities are related to inadequate coro-
nary blood flow. Although the relation between blood flow
and both myocardial function and perfusion scintigraphy
have been studied (11,17,18), that between coronary flow
reserve and stress-induced abnormalities has not been ex-
tensively investigated (19-21) . An understanding of this
relation is necessary to determine the relative utility of coro-
nary flow reserve measurements in assessing the functional
significance of coronary artery lesions compared with the
more traditional exercise methods .
Our study was designed to determine this relation by 1)
measuring regional coronary flow reserve with a recently
developed digital angiographic method (22,23), and 2) re-
lating these results to the occurrence of exercise-induced
radionuclide regional wall motion and thallium-20l perfu-
sion abnormalities in patients with coronary artery disease .
This study also serves to clarify the value of quantitative
percent diameter stenosis and scintigraphic criteria to assess
the physiologic significance of individual coronary stenoses.
Methods
Study patients. Thirty-nine patients with stable coro-
nary artery disease participated in a protocol that compared
coronary flow reserve, coronary anatomy and exercise scin-
tigraphy on a regional basis . All were men and represent a
consecutive series of patients who consented to have ex-
ercise thallium-201 scintigraphy or exercise radionuclide
ventriculography, or both, within 2 days of cardiac cathe-
terization . Exercise tests and angiograph y were performed
in the fasting state, with all medications discontinued for at
least 12 hours. All patients had an angiographic diagnosi s
of coronary artery disease , defined as a focal stenosis of at
least one major vessel. None had associated valvular disease
or cardiomyopathy .
Group A included 19 patients without angiographic evi-
dence of collateral vessels or previous myocardial infarc-
tion. Their mean age was 55 years (range 45 to 67). Twelve
patients had angina, one had atypical chest pain and six
were asymptomatic after a successful angioplasty performed
6 to 9 months earlier. Fourteen had multivessel disease and
five had single vessel disease .
Group B included 20 patients with angiographically vis-
ible collateral vessels to a distal segment of an obstructed
artery . Their mean age was 56 years (range 39 to 62).
Twelve had electrocardiographic and angiographic evidence
of previous myocardial infarction (inferior in eight, lateral
in two and anterior in two). All Group B patients had angina ;
14 had multivessel disease and 3 had single vessel disease .
Radionuclide Techniques
Exercise electrocardiography with thallium-2Ot per-
fusion imaging. Symptom-limited treadmill exercise was
performed using the standard Bruce protocol with 12 lead
electrocardiographic monitoring. Ischemic electrocardio-
graphic changes were defined as I mm or greater horizontal
or downsloping ST segment depression 80 ms after the J
point.
Thallium-20l (2.5 mCi) was injected intravenously I
minute before discontinuation of exercise. Three myocardial
scintigrams 40° and 70° anterior and left anterior oblique
were performed beginning approximately 8 minutes after
cessation of exercise. Redistribution images were obtained
3 hours later using constant time of acquisition . Images were
interpreted visually by the consensus of three experienced
observers without knowledge of the patients' clinical status
or the results of other tests. Semiquantitative grading of
thallium uptake in each region in the rest and exercise im-
ages was based on a 3 point scoring method (0 = normal ,
I = mildly reduced , 2 = severely reduced) . Fixed abnor-
malities were excluded from all statistical comparisons so
that a difference in the regional exercise minus redistribution
score of I or greater signified a positive test, reflecting
exercise-induced ischemia. Quantitative analysis was used
to substantiate the final interpretation (24). Once deter-
mined, myocardial regions were assigned to the coronary
artery that provided the blood supply, as has been previously
described (25,26).
Radionuclide ventriculography. After in vivo labeling
of red blood cells by technetium-99m (25 mCi), supine rest
radionuclide ventriculography was performed in the left lat-
eral and right and left anterior oblique views. With the
camera in the left anterior oblique position, multistage ex-
ercise was begun at a work load of 200 kilopond-meters
(kpm) and increased by 200 kpm every 3 minutes up to a
symptom-limited maximal work load. Postpeak exercise right
anterior oblique and left lateral views were also obtained
while the patient continued to exercise at a reduced work
load (200 or 300 kpm) . Scintigraphy was performed in the
left anterior oblique projection during the last 2 minutes of
each stage . Data were stored and analyzed using a general
nuclear medicine computer (MDS A2). Ejection fraction was
calculated by dividing stroke counts by background-cor-
rected end-diastolic counts. After image enhancement by
space-time smoothing, left ventricular wall motion was as-
sessed by viewing the scintigraphic data in a closed loop
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Digital image acquisition and coronary flow mea-
surement. Coronary flow reserve was determined using a
digital angiographic technique previously described (22,23) .
Angiograms were acquired on a digital angiographic com-
puter (DPS-4100C, ADAC Laboratories) interfaced to a
standard cineangiographic system (Philips Optimus M200).
The radiographic input signal was kept constant (fixed kV,
rnA and pulse width X-ray exposure). Video output signals
were directly converted into digital images by logarithmic
analog to digital conversion. One image per cardiac cycle
was obtained during cardiac diastasis in 512 X 512 eight
bit-mode matrices. Sodium meglumine diatrizoate (Reno-
grafin-76) was injected by means of an electrocardiograph-
ically triggered power injector (Medrad IV SYS 400) , and
the patient was instructed to maintain held inspiration for
10 to 15 seconds during image acquisition.
To determine coronary flow reserve, images during basal
and hyperemic conditions were obtained. First , the passage
of a single bolus of contrast medium was recorded at rest ,
at least 3 minutes after any preceding injection of contrast.
In a second run, usually 2 to 5 minutes later , images during
contrast-induced hyperemic flow were obtained by recording
the passage of a bolus of contrast 10 to 15 seconds after a
prior injection of contrast. The heart rate was kept constant
during image acquisition by atrial pacing at a rate 5 beats/min
higher than the basal heart rate.
Image processing was performed using standard mask-
mode subtraction (23). The last single frame obtained before
contrast administration was selected as the mask, and five
to seven subsequent end-diastolic frames with contrast were
selected as the image subset. A single contrast intensity and
appearance time color-modulated functional image was then
generated from each set of enhanced frames . On this func-
tional image, the intensity value of each pixel corresponded
to the cumulative contrast density reached during image
acquisition . The appearance time of contrast was color-
modulated , with a different color being assigned to each
postcontrast injection cardiac cycle . Only pixels with an
intensity above a preset threshold appeared on the final
picture. This threshold was set at a level that excluded most
of the background noise intensity . Acquisition and pro-
cessing were identical for each paired basal and hyperemic
image so that each set was technically comparable .
Mean myocardial appearance time and density for a re-
gion of interest, defined by the operator on the baseline and
hyperemic images, was determined by automatic histo-
graphic analysis . Because contrast density is directly related
to the volume of distribution in the myocardium and flow
is inversely related to myocardial contrast appearance time,
digital estimation of mean regional coronary flow was cal-
culated as:
format on the computer's video display. Corresponding rest
and exercise images were evaluated by three experienced
observers who were unaware of the patients ' clinical status
and results of other tests.
Regional wall motion was assessed visually in three left
ventricular segments in each view using a 3 point scoring
method (0 = normal, 1 = hypokinesia, 3 = akinesia or
dyskinesia). Regional exercise-induced dysfunction was de-
fined as an increase in regional wall score of 1 or greater.
Regions with abnormalities at rest that did not change with
exercise were excluded from the statistical analyses. In the
left anterior oblique view, one anteroseptal, one inferoapical
and one posterolateral segment were analyzed. The left lat-
eral and right anterior oblique views were used to substan-
tiate the final interpretation and were each divided into three
segments (anterior, apical, posterior and anterolateral, ap-
ical, inferior , respectively) . Once determined , regional scin-
tigraphic findings were assigned to the coronary artery that
perfused the corresponding region. The radionuclide studies
entailed a total body radiation dose of 0.72 rad.
Angiographic Techniques
Cardiac catheterization. Selective coronary arteriog-
raphy was performed in multiple projections by the Judkins
technique; contrast left ventriculography was performed in
the right anterior oblique projection. The maximal luminal
narrowing of each of the three major coronary arteries was
identified, and a fully automated quantitative program was
used to determine percent diameter stenosis (27) . In brief ,
an independent observer chose a circular region of interest
encompassing the arterial lesion to be analyzed, after which
computer software determined a centerline over the arterial
segment. Background-corrected, linear density profiles per-
pendicular to this centerline were analyzed to determine the
location of the first and second derivatives . Initial edge
points were defined as those points falling at a value of 75%
of the difference between the densities at these derivative
extremes (that is, weighted toward the first derivative lo-
cation). Edge continuity was ensured by excluding edge
points lying greater than 4 pixels from contiguous edge
points. These points were replaced by linear interpolation
from the densities at neighboring valid edge points . Minimal
percent diameter stenosis from the digitized cine film was
then determined, and results from two orthogonal views
were averaged . The anatomic distribution of the coronary
circulation was noted so that perfusion of a given myocardial
region was established from the angiographic data.
The presence, origin and destination ofcollateral vessels
were noted. These vessels were considered to be present if
the distal portion of a totally obstructed artery was visualized
on homolateral injection (intracoronary collateral channels)
or if an artery filled on contralateral injection (intercoronary
collateral channels). where Q
Q a volume/time a icr»AT,
mean regional coronary flow, CD mean
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p < 0.0002) and in arterie s with 50% or greater stenosis
(1.13 ± 0.43 versus 1.54 ± 0.57, respectively , p < 0.02).
No significant difference was found in Group B between
the mean flow reserve results of vessels supplying collateral
channels (1.40 ± 0.42) and the mean flow reserve of vessels
adjacent to but not supplying collateral channel s (1.44 ±
0.55). When arterie s without angiographic stenosis are ex-
cluded from the correlation procedure, the correlation be-
tween reactive hyperemia and percent stenosis was -0.48
(p < 0.005) in Group A and - 0.49 (p < 0.008) in Group
B. Persistence of a low but significant correlation in Group
A after exclusion of the nonstenot ic vessels was largely a
result of a single distribution with a 26% stenosis and a flow
reserve of 4.50. Exclusion of this distribution yielded a
nonsignificant correlation (r = 0.36).
Coronary angiographic data related to exercise radio-
nuclide angiography. Figure 2 demonstrates the relation
between exercise radionuclide ventriculographic test results
0
0 25 50
7. 5
GRO UP B
5
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Figure 1. Relation between quantitative percent diameter stenosis
(%5) and reactive hyperemia (RH) in Group A (without collateral
vessels) and Group B (with collateral vessels).
RH
Flow reserve could be determined in 43 of a possible 57
vascular distributions in the 19 Group A patients (without
collateral vessels) (three potent ial regions per patient) and
in 37 of a possible 60 distributions in the 20 Group B patients
(with collateral vessels). Poor quality images caused by
patient motion or overlap with neighborin g structures pre-
vented an accurate analysis in 17 vascular distributions (cir-
cumflex coronary artery = 10; left anterior descending coro-
nary artery = 5 and right coronary artery = 2). Flow reserve
of either the right or left coronary artery was not determined
in three cases because of technical factors or the presence
of a dominant left coronary system. Seventeen regions in
Group B patients were subtended by totally obstructed ar-
teries, which precluded flow reserve determination. In Group
A, four patients did not have exerci se radionuclide ventric -
ulography and one patient did not have an exercise thallium
test. In Group B, all patients had both scintigraphic studies.
Coronary angiographic data as related to reactive
hyperemia. The relation between reactive hyperemia and
quant itative percent angiographic stenosis was significantly
correlated in both Groups A and B, but with low correlation
coefficients (r = -0.61, P < 0.(00) and r = -0.47, P <
0.004, respectivel y) (Fig. 1). The correlation in Group B
did not include those region s with total coronary obstruction ,
which necessarily precluded determ ination of flow reserve.
In Group B, not only was the correlation poorer , but the
flow reserve values were also generally lower despite a
similar range of percent stenosis. This is most evident in
the arteries without angiographic evidence of coronary ste-
nosis. In Group A, these arterie s were associated with flow
reserve values of greater than 2.00, whereas in Group B,
all but one normal artery had a flow reserve value between
1.00 and 2.00. The flow reserve values were lower in Group
B arteries than in Group A arteries with less than 50%
stenosis (1.56 ± 0.43 versus 2.40 ± 0.79, respectively,
Results
cummulative contrast density, AT = mean appearance time
and k = radiographic constant. Because each pair was ra-
diographically identical, coronary flow reserve, or the ratio
of hyperemic (H) to basal (B) coronary flow, was given by:
Coronary flow reserve = QH/QB = (CDH/A TH) /(CDB/ATB) .
Dog studies have demon strated a good correlation between
coronary flow reserve ratios measured by electromagnetic
flow probe and digital subtraction angiographic measure-
ments (r = 0.92). These digital measurements were repro-
ducible (± 13%) and had excellent interobserver (r = 0.99)
and intraobserver (r = 0.98) variability (23).
Statistical analysis. Standard least-squares linear
regression, chi-square analysis and unpaired t tests were
used for statistical comparisons . Results were considered
significant when probability (p) was less than 0.05.
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Figure 2. Relation between exercise radionuclide ventriculo-
graphic test results and quantitative percent diameter stenosis (%S)
in Group A (without collateral vessels) and Group B (with col-
lateral vessels) . RNV score = the difference in radionuclide ven-
triculographic wall motion scores between exercise and rest eval-
uations, with a score of 1 or greater signifying a positive test;
X2 = the measured chi-squared value.
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Figure 3. Relation between exercise thallium-201 tests and quan-
titative percent diameter stenosis (%S) in Group A (without col-
lateral vessels) and Group 8 (with collateral vessels). Th Score
= the difference in regional thallium scores between exercise and
redistribution images. with a score of I or greater signifying a
positive test; other abbreviations as in Figure 2.
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group of patients with multivessel disease , not all potentially
ischemic zones were associated with a regional abnormality .
In Group B, 17 perfusion beds subtended by totally oc-
cluded arteries were not included in the analysis. Twelve
of these 17 regions were noted to have deterioration of wall
motion scores, and their inclusion in the analysis would,
therefore , have resulted in an even higher association be-
tween percent stenosis and exercise dysfunction. As in Group
A, the seven regions with 50% or greater coronary stenosis
and no exercise-induced wall motion abnormality occurred
in the presence of muitivessel disease and exercise dys-
function in at least one other bed.
Coronary angiographic data as related to thallium
imaging. Figure 3 shows the same analysis with respect to
results of exercise thallium imaging. A positive test was
designated by a regional increase in thallium score of I or
greater. Once again, a significant relation between quanti-
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and quantitative percent angiographic stenosis in both groups.
A positive test result is designated by an increase in wall
motion score of I or greater. Using an arbitrary cutoff of
50% or greater stenosis , a significant relation between these
two variables exists, even though many regions with high
grade stenoses were not associated with deterioration of
regional function with exercise. In Group A, three patients
with at least one major stenosis of greater than 50% had an
entirely normal exercise ventriculogram. One patient had a
single regional wall motion abnormality during exercise de-
spite the presence of significantly stenotic vessels supplying
two other perfusion beds; one patient had two regions of
abnormality and one residual jeopardized zone without re-
gional dysfunction , and two patients had a single area of
exercise dysfunction in the presence of a high grade lesion
in one other perfusion bed. Thus, as expected in this latter
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patients with multivessel disease who had a thallium ab-
normality in at least one other perfusion bed. Only one
patient with a fixed inferior segmental defect and a high
grade circumflex coronary artery stenosis failed to show a
new reversible defect in the posterolateral zone. It again
deserves emphasis that regions with a 100% occlusion were
not included in this analysis, even though 11 of these 17
zones showed defects during exercise and partial redistri-
bution. Inclusion of these regions would have further in-
creased the significant relation shown in Figure 3.
Reactive hyperemia as related to exercise test results.
Figures 4 and 5 demonstrate the relation between measure-
ments of reactive hyperemia and exercise wall motion scores
or thallium scores. The results in Group A patients (without
collateral vessels) (Fig. 4A and 5A) show that positive re-
gional exercise test results were all associated with a reactive
hyperemia determination of less than 2.00, and this relation
was much stronger than the relation between radionuclide
Figure 5. Relation between reactive hyperemia (RH) and exercise
thallium-201 (Th) scintigraphy demonstrated in the same format
as in Figure 3.
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Figure 4. Relation between reactive hyperemia (RH) and exercise
radionuclide ventriculography (RNV) demonstrated in the same
format as in Figure 2.
GROUP "
6
5
4
tative percent coronary stenosis and an exercise-induced,
reversible thallium perfusion defect was noted in both Groups
A and B. In Group A, four reversible perfusion defects were
seen when quantitative arteriography showed only less than
50% stenosis. Thirteen zones supplied by arteries with greater
than 50% stenosis had no associated reversible defects. Three
patients in this group had an entirely normal thallium ex-
ercise test despite the presence of at least one stenosis of
greater than 50%. Four patients had only one perfusion
defect in the presence of double vessel disease, and one
patient had two regional defects associated with triple vessel
disease. Thus, as noted for the radionuclide wall motion
analysis, not all potentially ischemic zones were detected
by thallium exercise testing when multivessel disease was
present. In Group B, the significant relation between percent
stenosis and deterioration in thallium score was seen in
association with only 1 positive thallium test with less than
a 50% stenosis and 11 negative thallium tests with a stenosis
of 50% or greater. This latter subset was made up of nine
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Figure 6. Relation between the two radionuclide exercise test
results in Group A (without collateral vessels) and Group B (with
collateral vessels). Abbreviations as in Figures 2 and 3.
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Relation between exercise test results. Figure 6 dem-
onstrates that the exercise test results in both groups were
highly concordant. In Group A, one region with a normal
thallium image nevertheless showed deterioration in wall
motion during exercise, and four regions with normal wall
motion showed a reversible thallium defect. In Group B,
all test results were concordant, except for five regions with
a normal thallium image but abnormal wall motion score.
Discussion
Although coronary angiography has traditionally been the
reference standard for the evaluation of coronary artery dis-
ease, the ability of angiography to accurately assess the
clinical significance of an individual stenosis has been se-
test results and percent stenosis. When the same criteria
were applied to Group B patients (with collateral vessels)
(Fig. 4B and 5B), however, no significant relation between
reactive hyperemia and exercise test results was seen. The
respective chi-squared results and p values were 3.1 and
p < 0.09 for the exercise ventriculographic results and 1.7
and p < 0.2 for the thallium test results. This was largely
because of the overall depression of reactive hyperemia
values in this group. On inspection of the graphs it is evident
that in Group B all but one of the positive results were
associated with a flow reserve value of 1.3 or less. When
this cut-off was used for statistical analysis, significant re-
lations were documented. With respect to the exercise ven-
triculographic results, the chi-squared value increased to
12.0 (p < 0.0007). The relation to thallium results was also
improved (chi-squared value of 9.3, p < 0.003).
In Group A, nine distributions with a flow reserve of
2.00 or less were not associated with an abnormal wall
motion score. These discordant results occurred in the fol-
lowing patients: three patients with multivessel disease and
a regional wall motion abnormality in another zone with a
low flow reserve value; one patient with two stenoses of 49
and 59%, respectively, and a negative exercise test; two
patients with single vessel disease and a normal exercise
test; one patient (two discordant results) with 59 and 85%
stenoses in the circumflex and right coronary arteries, re-
spectively, and associated flow reserve values of 1.66 and
1.29, respectively; and one patient with both a 39% stenosis
of the circumflex coronary artery with a flow reserve value
of 1.75 and a 46% stenosis in the right coronary artery with
a flow reserve value of 2.58.
In Group B, 17 of 32 regions with a flow reserve of less
than 2.00 and 8 of 22 regions with a flow reserve of less
than 1.3 were not associated with regional dysfunction dur-
ing stress. All eight of these latter regions were in patients
with another regional abnormality associated with either a
low flow reserve or a total occlusion. The highest flow
reserve associated with exercise-induced regional dysfunc-
tion was 104.
Thallium results in Group A showed a strong relation
with impaired reactive hyperemia (p < 0.0001). Fourteen
of 22 regions with a flow reserve of 2.00 or greater were
associated with a reversible thallium defect. The eight dis-
cordant regions were all in patients with abnormal results
in a more severely compromised region. This strong relation
was not maintained in Group B (as noted) unless a lower
flow reserve cutoff of 1.3 was utilized because all positive
tests in this group were associated with this much lower
flow reserve as compared with Group A. There were II
regions with a flow reserve value of less than 2 but greater
than 1.3, and all of these were associated with abnormal
results in regions with either a lower flow reserve or totally
obstructed vessels.
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riously questioned (28-33). Alternative clinical approaches
to measuring the significance of a stenosis employ stress
testing to elicit abnormalities of electrocardiographic re-
polarization, regional wall motion or relative myocardial
perfusion. More recently, new methods for assessing re-
gional coronary flow reserve have been reported, with the
intent of using these as direct indicators of stenosis severity.
This index is usually obtained by determining the ratio of
peak coronary blood flow or velocity measured after a hy-
peremic stimulus to flow or velocity at rest.
Relation between coronary stenosis and coronary flow
reserve. A recent study by White et al. (10), employing a
Doppler velocity probe applied to coronary arteries at the
time of open heart surgery, found no statistically significant
relation between coronary flow reserve and visually esti-
mated percent diameter stenosis. They concluded that the
angiographic appearance of a partially obstructing coronary
lesion was not an accurate assessment of the lesion's phys-
iologic severity. An earlier study by Schmidt et al. (34),
using the xenon washout technique, led to a similar con-
clusion; no correlation Was found between the change in
flow distal to a coronary lesion during atrial pacing and the
degree of coronary obstruction. On the other hand, other
workers (35,36) demonstrated an inverse relation between
the increase in myocardial perfusion stimulated by contrast
medium or papaverine and the degree of coronary stenosis.
In our study, a significant but poor correlation was found
between the regional coronary flow reserve and percent di-
ameter stenosis in both Groups A and B. As expected, the
correlation was poorest in Group B patients with collateral
vessels and prior myocardial infarction. When arteries with-
out stenosis were excluded from the analyses, further de-
terioration of this correlation was seen.
The finding of a significant correlation between percent
stenosis and coronary flow reserve in patients without col-
lateral vessels or prior infarction is consistent with exper-
imental (2) and clinical (33,34,36) data that show a pro-
gressive decrease in coronary flow reserve when stenoses
exceed 50% internal diameter (2). However, the rather low
correlation underscores the fact that the hyperemic response
of stenotic vessels, particularly those with intermediate ste-
nosis, cannot be reliably predicted solely from anatomically
determined percent stenosis, even when this variable is as-
sessed by automated quantitative methods. This implies that
vessels with a mild or seemingly insignificant angiographic
lesion may have less than normal hyperemic reserve; con-
versely, stenoses that appear anatomically significant at an-
giography may not always be functionally significant. In
this regard, the data are consistent with the conclusions of
prior studies (10,34). Moreover, when correlations from the
study of White et al. (10) are redone to include vessels
without apparent stenosis, then a significant correlation is
noted (r = -0.69, p < 0.(001), which is very similar to
the one noted in Group A.
Factors that may contribute to the discrepancies ob-
served between coronary flow reserve and percent dl-
ameter stenosis. First, the coronary angiographic evalua-
tion of percent diameter stenosis has several shortcomings
involving irregularities in luminal geometry (31), narrowing
of adjacent segments considered to be normal (30) and var-
iability among observers (28,29) that may lead to errors in
calculating the degree of relative stenosis. Second, potential
hemodynamic effects related to the length of epicardial le-
sions (37-40), the physiologic consequences of diffusely
diseased vessels, alterations in vasomotor tone and the pres-
ence of small vessel disease (40) are all difficult or impos-
sible to appreciate with angiography. Third, transient epi-
sodes of ischemia or associated myocardial damage, or both,
may alter the responsiveness of the peripheral arteriolar bed
to vasodilatory stimuli (41).
Angiographically visible collateral channels also appear
to alter the hyperemic response both in vessels supplying
angiographic collateral channels and in adjacent vessels not
supplying such channels. Even vessels with no stenosis or
only mild stenosis that supplied collateral channels showed
generally reduced mean coronary flow reserve values. Fac-
tors that may explain the overall reduction in coronary flow
reserve in patients with collateral channels are unclear. Be-
cause coronary flow reserve is a relative measure of flow,
either an increase in basal flow or a reduction in hyperemic
flow, or both, will decrease its value. Experimental data
have shown that basal flow (42,43) and minimal coronary
resistance (44) are increased in unobstructed vessels sup-
plying collateral channels. Furthermore, recent studies
(42,45,46) have demonstrated a reduction of regional blood
flow in distributions adjacent to an occluded vessel, imply-
ing an increase in coronary resistance. Our study supports
the concept of an alteration in coronary vasoregulation in
the presence of collateral channels in humans. It also reveals
that coronary flow is disturbed, even in adjacent vessels that
do not supply angiographically visible collateral channels.
A previous report (47) shows that such flow alterations may
be reversible.
Mechanisms such as viability of perfused tissue (48),
myocardial hypertrophy (4-7) or retrograde collateral flow
(49) may also playa role in the overall alteration in blood
flow. It is possible that large flow interdependence exists
between all coronary perfusion beds in patients with col-
lateral channels of less than 100 to 200 JL diameter, which
cannot be seen angiographically (50,51). This might explain
why vessels not supplying angiographic collateral channels
would behave much as vessels supplying angiographically
visible collateral channels.
Relation between the results of exercise scintigraphy
and coronary flow reserve. The scintigraphic results are
consistent with the well established concept of an inadequate
regional flow increase during ischemia as evidenced by wall
motion or perfusion abnormalities (11-16). The data also
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support the close relation between the results of thallium-
201 perfusion scintigraphy and radionuclide ventriculog-
raphy (11,17,18). Left ventricular regions that demonstrated
a reversible thallium-201 defect corresponded to exercise-
induced wall motion abnormalities in the same locations,
and discrepancies were few.
In patients without collateral channels (Group A), a coro-
nary flow reserve below 2.00 was associated with abnormal
myocardial perfusion or function, or both, during exercise
in 16 of 22 vascular distributions. Discrepancies could be
explained by the failure of the symptom-limited exercise
test to demonstrate ischemia in some vascular distribution
when symptoms of ischemia had already developed sec-
ondary to another more compromised area. The observation
that, in patients with multivessel disease, scintigraphic ab-
normalities occurred in the vascular distribution with the
lowest coronary flow reserve is in keeping with this expla-
nation. In the presence of a coronary flow reserve greater
than 2.00, no thallium-201 perfusion or radionuclide ven-
triculographic wall motion abnormalities occurred in the
corresponding vascular distribution, regardless of the degree
of coronary stenosis. These data suggest that the capacity
to increase flow over basal rest level by a factor of more
than 2.00 was sufficient to avoid clinical signs of ischemia
detectable with radionuclide exercise tests.
In patients with collateral channels (Group B), however,
coronary flow reserve did not appear to correlate as well
with the results of exercise scintigraphy. This was most
evident for arteries with mild or no stenosis and a low
coronary flow reserve. Scintigraphic tests remained normal
in the distribution of vessels without significant stenosis but
with low coronary flow reserve, primarily because of the
presence of more severely compromised areas or areas of
myocardial infarction.
Limitations of the study. Two limitations of this study
are that contrast agents do not produce maximal coronary
blood flow and that the coronary flow reserve functional
images might not be performed during the period of maximal
flow. Hyperemic flow induced by a contrast agent is known
to be less than that produced by dipyridamole or adenosine
(52,53). Recent observations, however, have demonstrated
that a close correlation exists between dipyridamole and
contrast-induced hyperemic to basal flow ratios (54). In
addition, others (55,56) have shown that flow changes after
contrast injection are predictable, occur in parallel at base-
line and hyperemic flow and are directionally similar in most
patients. Moreover, care was taken to repeat or exclude
studies that were technically inadequate when contrast me-
dium was injected subselectively or if hyperemic images
were performed more than 15 seconds after the priming
dose. Nevertheless, it should be emphasized that the quan-
titative flow reserve data reported are specific for contrast-
induced hyperemia as currently measured by the digital an-
giographic method in this laboratory.
This technique measures relative rather than absolute
bloodflow. Potentially important information about absolute
coronary flow or regional flow per unit of myocardium can-
not be obtained using this method. In addition, the method
does not detect transmural differences in coronary blood
flow distribution. Abnormal coronary flow reserve at the
subendocardial level could remain undetected if the subep-
icardial flow reserve remains normal. However, it seems
unlikely that the results obtained in our study were unduly
influenced by a failure to detect subendocardial ischemia
because exercise-induced abnormalities were always asso-
ciated with a low transmural coronary flow reserve.
Some data exist suggesting a closer relation between
coronary flow reserve and absolute minimal coronary artery
diameter and area (57). The purpose of the present study,
however, was to evaluate the widely used relative percent
diameter stenosis variable as objectively assessed with a
fully automated coronary artery edge detection algorithm
(27). Recently reported data (58) correlating exercise scin-
tigraphy and quantitative assessment of left anterior de-
scending coronary artery stenosis suggest a superiority of
automated computer analysis of coronary anatomy for pre-
dicting physiologic consequences. Lastly, translesional
coronary pressure gradient determinations may also be help-
ful predictors of lesion severity in the angioplasty setting,
but cannot at present be considered a routine diagnostic
approach (29,58).
Clinical implications. This investigation demonstrates
the relation among coronary flow reserve, coronary stenosis
and stress-induced wall motion and perfusion abnormalities
in a group of patients with symptomatic coronary artery
disease. The study suggests that these three approaches to
estimating the severity of coronary artery stenosis correlate
with each other reasonably well. Specific limitations of each
of these estimations exist, however, and have important
clinical implications. Coronary anatomy, as evaluated by
quantitative, percent diameter narrowing, is only roughly
correlated with reactive hyperemia, and predictions in in-
dividual cases with intermediate lesions in particular are
likely to be unreliable. No single value of percent stenosis
completely separates physiologically significant from insig-
nificant stenosis. Exercise scintigraphy accurately predicts
lesion severity in the setting of single vessel disease, but
not for intermediate lesions in the setting of multivessel
disease. Lastly, coronary flow reserve appears to be useful
for the assessment of intermediate severity stenoses even in
the presence of multivessel disease, but not if prior infarction
or collateral channels are present.
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